Diethylenetriaminepentaacetic acid (DTPA), a multi-dentate acidic chelating agent containing five carboxyl and three amine groups all capable of protonation, is a pentabasic acid. To separate minor actinide [MA(III)] and rare earth [RE(III)] elements effectively from a HNO 3 solution containing DTPA generated in the MAREC process, a functional polymeric composite impregnated with a novel macroporous silica-based diglycolamide compound, N,N,N′,N′-tetraoctyl-3-oxapentane-1,5-diamide (TODGA), was prepared. Thus, the impregnated functional polymeric composite (TODGA/SiO 2 -P) was obtained by impregnating and immobilizing TODGA molecules in the pores of the SiO 2 -polymer (SiO 2 -P) particles (ca. 50 µm diameter) via a vacuum sucking technique.
INTRODUCTION
One of the most challenging tasks in the reprocessing of nuclear spent fuel is the development of a partitioning and transmutation (P&T) strategy. For this purpose, the effective separation of long-lived minor actinide (MA) elements such as Am(III) and Cm(III) from high-level liquid waste (HLLW) is required (Mathur et al. 2001; Choppin and Nash 1995) . Some organic compounds, such as octyl(phenyl)-N,N-diisobutylcarbamoylmethylphosphine oxide (CMPO), di-isodecylphosphoric acid (DIDPA) and bis (2,4,4-trimethylpentyl) dithiophosphinic acid (Cyanex 301) etc., have been demonstrated as being effective in a variety of partitioning processes (Madic 2002; Collins and Renier 2005) .
Recently, a number of researches Narita et al. 1998; Sasaki et al. 2001; Morita et al. 2002) have investigated N,N,N′,N′-tetraoctyl-3-oxapentane-1,5-diamide (TODGA) , a neutral chelating agent having three hard oxygen and two soft nitrogen atoms. It was found that in HNO 3 /n-dodecane solution, TODGA effectively extracted RE(III) and tri-and tetra-valent minor actinides from others (Apichaibukol et al. 2004; Sasaki and Tachimori 2002) . Thus, Am(III) and Cm(III) ions could be mostly separated from 1.9 M HNO 3 /NH 4 NO 3 containing RE(III) using 2,6-di-(5,6-dipropyl-1,2,4-triazin-3-yl)pyridine (DPTP) in tetraprolhydrogene (TPH) which was modified with a 2-ethyl-1-hexano group to eliminate the formation of the third phase (Kolarik et al. 1999; Kolarik 2003) . All the studies carried out to date have focused on liquid-liquid solvent extraction techniques. It is well known that resins employed for extraction chromatography generally combine the selectivity of solvent extraction processes with the simplicity and multistage character of column chromatography systems. To date, a number of enrichment and concentration experiments of radioactive elements have been undertaken on a laboratory scale, but insufficient attention has been paid to the establishment of industrial-scale HLLW separation processes. Indeed, the application of extraction chromatography in the separation of MA(III) to significantly reduce the quantity of liquid waste and the capital cost is much desired.
A so-called SETFICS process has been used to partition MA(III) and RE(III) from HLLW, utilizing CMPO as a back-extraction reagent (Koma et al. 1998a,b) . However, a high concentration of sodium nitrate was introduced to increase the extraction efficiency of MA(III). This resulted in an increase in the quantity of salts employed which was harmful to the final geological disposal of HLLW. Moreover, the solvent extraction system generated a large amount of organic waste from the hydrolytic and radiolytic degradation of organic extractants and diluents.
To eliminate the disadvantages of the SETFICS process, an advanced chromatographic partitioning technique entitled MAREC (Minor Actinides Recovery from HLLW by Extraction Chromatography) has been proposed by the present authors. The arrangement employed in this process is depicted schematically in Figure 1 . The purpose of the arrangement is the recovery of Am(III) and Cm(III) from HLLW using a macroporous silica-based CMPO polymeric composite (CMPO/SiO 2 -P) synthesized by impregnating CMPO into the pores of macroporous SiO 2 -P particles with a mean diameter of 50 µm (Zhang et al. 2003a (Zhang et al. , 2005a Wei et al. 2003 Wei et al. , 2004 . Two columns packed with CMPO/SiO 2 -P are utilized for the chromatographic separation of these elements through selective adsorption and elution procedures. In the first column, the elements can be effectively separated into the following three groups depending on their different adsorption and elution behaviours which result from the complexing abilities of the metal ions with CMPO and DTPA (diethylenetriaminepentaacetic acid): (1) Cs, Sr, Rh and Ru (non-adsorptive FP); (2) minor actinides (MA), heavy rare earths (hRE) (Eu-Lu and Y), Zr, Mo and Pd (MA-hRE-Zr-Mo); and (3) light rare earths (lRE). Subsequently, the MA(III)-containing effluent is applied to the second column where the elements are separated into (1) Pd, (2) MA-hRE and (3) Zr-Mo, respectively, by using H 2 O and 0.5 M H 2 C 2 O 4 or 0.05 M DTPA -pH 2.0 as eluants (Zhang et al. 2003b) . The components of the Zr-and Mo-containing effluent are capable of mutual separation from 0.5 M H 2 C 2 O 4 or 0.05 M DTPA via the third column utilizing 3.0 M or 6.5 M HNO 3 , 0.1 M HNO 3 , water and 0.5 M H 2 C 2 O 4 as eluants (Zhang et al. 2005b ). The two heat-emitting nuclides, Sr(II) and Cs(I), with half-lives of 28 years and 30 years, respectively, may be separated by the use of two highly specific silica-based 4,4′,(5′)-di(t-butylcyclohexano)-18-crown-6 (DtBuCH18C6) and 1,3-[(2,4-diethyl-heptylethoxy)oxy]-2,4-crown-6-calix[4]arene (Calix[4] arene-R14) impregnated polymeric composites, i.e. DtBuCH18C6/SiO 2 -P and Calix[4]arene-R14/SiO 2 -P, respectively (Zhang et al. 2004a (Zhang et al. ,b, 2005c (Zhang et al. , 2006a . In addition, studies have been undertaken of the resistance behaviour of the main polymeric composites towards nitric acid, heat and γ-irradiation, and leakage of the chelating agent, together with other preliminary works (Zhang et al. 2004c (Zhang et al. , 2005d (Zhang et al. -g, 2006b .
In the improved MAREC process, the CMPO/SiO 2 -P in the second column has been substituted by a novel macroporous silica-based TODGA-impregnated polymeric composite (TODGA/SiO 2 -P) in order to effect the simultaneous separation of MA(III) and RE(III) ions from the MA-hRE-Zr-Mo-0.05 M DTPA effluent. It was found that the elution of MA(III) and RE(III) ions from the loaded TODGA/SiO 2 -P with 0.05 M DTPA -pH 2.0 as an eluant was complicated since the variety of DTPA species formed strongly affected the complexing of these metals with TODGA/SiO 2 -P. However, the adsorption mechanisms of MA(III) and RE(III) ions onto TODGA/SiO 2 -P in the presence of DTPA have not been reported to date. Furthermore, the composition of the ternary complexes of these metals with DTPA and TODGA/SiO 2 -P is still not understood fully.
In an attempt to clarify the adsorption mechanism, we have synthesized the novel macroporous silica-based polymeric composite TODGA/SiO 2 -P via the impregnation of the TODGA molecule 
EXPERIMENTAL

Reagents
The chemical reagent RE(NO 3 ) 3 • nH 2 O (n = 3 or 6, RE = Y and La-Lu) employed was of analytical grade. The RE(III) ion concentration in the tested solution was ca. 5 × 10 -3 M.
N,N,N′,N′-Tetraoctyl-3-oxapentane-1,5-diamide (TODGA) with a purity of more than 98% was provided by the Kanto Chemical Co. Inc., Japan. Examination of the purity of this material by high performance liquid chromatography (HPLC) showed that the TODGA content was stable at room temperature. As a consequence, it was used in subsequent experiments without further purification. An acidic chelating agent, diethylenetriaminepentaacetic acid (DTPA), of 98.5% purity was provided by Tokyo Kasei Kogyo Co. Ltd., Japan. It was dissolved in a small quantity of a 25% aqueous solution of ammonia and adjusted to the required pH value by the addition of conc. HNO 3 . To avoid precipitation of DTPA in weakly acidic solutions, the various concentrations of HNO 3 solutions containing 0.05 M DTPA employed were prepared as required.
The silica-based polymeric TODGA/SiO 2 -P adsorbent was a type of inorganic/organic composite composed of macroporous SiO 2 , styrene-divinylbenzene copolymer and TODGA. This material was synthesized in our laboratory by impregnating the organic TODGA molecule into the pores of SiO 2 -P particles via a vacuum sucking technique based on the intermolecular interaction of TODGA and the polymeric compounds contained in the pores of the SiO 2 -P particles. The letter "P" in the designation of the latter particles relates to the styrene-divinylbenzene copolymer employed in their preparation.
The bead diameter of the SiO 2 -P particles was in a range of 40-60 µm. Relative to conventional polymeric matrix resins, macroporous silica-based types of extraction resins exhibit rapid sorption and elution kinetics, high mechanical strength and a significantly diminished pressure loss in a packed column. They display better resistance towards temperature, γ-irradiation and nitric acid. The SiO 2 particles may be recovered from the spent silica-based materials after burn-off of the sorbent, thereby enabling the recovered SiO 2 to be used for the preparation of new silica-based materials. This allows the possible re-use of the recycled SiO 2 support.
Dichloromethane, methanol and the other reagents employed were of analytical grade and were used without further treatment.
Synthesis of silica-based SiO 2 -P particles
The macroporous SiO 2 particles were used as the support in the following studies. Immobilization of the organic chelating agent was achieved by synthesizing the inert copolymer of formylstyrene and divinylbenzene and embedding the resulting material in the pores of the SiO 2 particles. These particles were then placed in a glass flask which was evacuated by means of a vacuum pump, and a mixture of monomers comprised of 48.7 g of m-/p-formylstyrene, 8.9 g m-/p-divinylbenzene, 72.2 g dioctylphthalate and 54.0 g methylbenzoate, initiators consisting of 0.56 g α,αazobisisobutyronitrile (AIBN) and 0.57 g 1,1′-azobiscyclohexane-1-carbonitrile (V-40), and diluents consisting of 1,2,3-trichloropropane and m-xylene were sucked into the flask via a rubber tube. The flask was rotated continuously so that the mixture could soak completely into the pores of the silica particles, filled with N 2 gas, placed in a silicone oil bath and heated at 363 K for 20 h. The particles of the grafted SiO 2 -P material produced were washed with acetone and distilled water and then dried overnight at 323 K. The content of the inert formylstyrene-divinylbenzene copolymer in the SiO 2 -P particles obtained was 17.6 wt% as measured by thermogravimetry. SEM images showing the macroporous SiO 2 support and its polymer-immobilized SiO 2 -P particles are depicted in Figure 2 . The physical and chemical parameters of the SiO 2 particles are listed in Table 1 . 
Preparation of macroporous silica-based TODGA/SiO 2 -P polymeric composite
It is well known that styrene-divinylbenzene copolymer when embedded inside the pores of the SiO 2 -P particles acts as a kind of non-or weakly-polar compound, with its reactivity towards other organic compounds being usually low. Thus, to significantly increase the affinity of the embedded copolymer towards TODGA molecules, the SiO 2 -P particles used were pre-treated at room temperature with acetone and methanol respectively prior to the synthesis of the TODGA/SiO 2 -P polymeric composite.
Pre-treatment with methanol was undertaken as follows. A weighed quantity of the SiO 2 -P particles was mixed with 80 cm 3 methanol in a 300 cm 3 conical flask, shaken mechanically for 60 min and then separated using a membrane quartz filter of 0.45 µm pore size. This operation was repeated three or four times, following which the washed particles were dried in a vacuum drying oven at ca. 323 K for 12 h.
Synthesis of the TODGA/SiO 2 polymeric composite was achieved by dissolving liquid TODGA (10 g) in 100 cm 3 dichloromethane and mixing the resulting solution with 20 g of activated SiO 2 -P particles in a 300 cm 3 conical flask. This mixture was stirred mechanically for 100 min at room temperature, placed in a silicon oil bath at 323 K and stirred continuously at this temperature for ca. 180 min to allow the TODGA molecules to impregnate and be immobilized in the pores of the SiO 2 -P particles. This operation was continued until the solvent contained in mixture had evaporated. After drying in a vacuum drying oven at ca. 323 K for 24 h, the novel macroporous silica-based polymeric composite TODGA/SiO 2 -P was obtained as a light yellow product. It was characterized by TG-DSC methods and elementary analysis, respectively. The synthesis of TODGA/SiO 2 -P is depicted schematically in Figure 3 .
Adsorption of RE(III) onto TODGA/SiO 2 -P
Studies of the adsorption of RE(III) onto the TODGA/SiO 2 -P polymeric composite were performed at 298 K in a TAITEC MM-10 Model thermostatted water bath shaker. In such experiments, the solid phase was maintained at 0.25 g while the volume of the aqueous phase was 5 cm 3 . An accurate amount of HNO 3 solution containing known concentrations of H + , NO 3 -, ca. 5 × 10 -3 M RE(III) ions and 0.05 M DTPA as the aqueous phase and a weighed quantity of dry TODGA/SiO 2 -P as the solid phase were mixed in a 50 cm 3 flask fitted with a ground glass stopper. The flask and contents were shaken mechanically at 120 rpm for 180 min. The concentration range of H + was from pH 2.0 to 3.0 while that of NO -3 employed ranged from 0.07 M to 3.015 M, the latter being adjusted by the addition of a stock solution of sodium nitrate. The pH values of the aqueous phases before and after the experimental studies were measured using an AUT-301 Model titrator/pH meter (TOA Electronics Ltd., Japan). After phase separation, the RE(III) ion concentration in the aqueous phase was determined using an SPS-5000 Model inductively coupled plasma-optical emission spectrometer (ICP-OES, Seiko Instruments, Japan) or an Agilent 7500 series inductively coupled plasma-mass spectrometer (ICP-MS, Agilent Technologies, Japan) in the case of high NO -3 concentrations. The distribution coefficient (K d ) of each RE(III) element towards the TODGA/SiO 2 -P polymeric composite was calculated from the relationship:
where C 0 and C e represent the initial and equilibrium concentrations of RE(III) in the aqueous phase, respectively. The quantities W and V denote the weight of dry TODGA/SiO 2 -P and the volume of the aqueous phase employed in the experiment.
RESULTS AND DISCUSSION
Adsorption isotherms of RE(III)
It is well known that the chemical properties of all RE(III) elements are similar because of the lanthanide contraction. Hence, La(III) was selected as representative of the RE(III) elements in the Figure 4 . As can be seen from Figure 4 , the adsorption of La(III) ions onto TODGA/SiO 2 -P in the presence of 0.05 M DTPA was rapid during the initial stages of the process. Following this stage, the adsorption extent assumed a constant value, indicting that adsorption equilibrium had been attained. This demonstrates that the adsorption of La(III) ions onto TODGA/SiO 2 -P was rapid.
Influence of H + concentration on the adsorption of TODGA/SiO 2 -P
Our previous studies have shown that when the MAREC process was employed for the chromatographic partitioning of RE(III) and MA(III) extracted together from HLLW containing 3.0 M HNO 3 , their elution behaviour from the loaded TODGA/SiO 2 -P polymeric composite via the use of 0.05 M DTPA -pH 2.0 was very complicated. Such behaviour arose from the use of DTPA which is capable of forming a series of different species in an acidic solution. Hence, the efficiency of the elution process depends strongly on the dynamic inter-conversion equilibrium between the complexes of these metals with two chelating agents, i.e. substitution of the complexes of RE(III) and MA(III) with 0.05 M DTPA for those of these elements with TODGA. However, the detailed composition and mechanism of complexes of these metals with TODGA/SiO 2 -P in HNO 3 solution containing DTPA have not been reported to date.
In order to clarify the nature of this complex composition, the effect of H + ion concentration over the range 0.1-3.0 M on the adsorption of a few representative elements such as La(III), Ce(III), Nd(III), Gd(III) and Lu(III) onto TODGA/SiO 2 -P was investigated in the presence of 0.05 M DTPA. The experimental conditions employed were [NO − 3 ] = 3.015 M, phase ratio = 0.25 g/5 cm 3 , shaking speed = 120 rpm and contact time = 180 min, respectively. The concentration of RE(III) ions employed was ca. 5 × 10 −3 M. The results obtained are illustrated in Figures 5 and 6 , respectively.
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Anyun Zhang et al./Adsorption Science & Technology Vol. 25 No. 5 (K d ) being always greater than 2219.13 cm 3 /g. The adsorption capabilities of these light RE(III) elements towards TODGA/SiO 2 -P followed the order Nd(III) > Ce(III) > La(III), i.e. the adsorption increased with increasing atomic number. This was considered to result from the lanthanide contraction. Thus, in the trivalent lanthanide series, the ionic radii decreases from 1.032 Å to 0.861 Å as the atomic number increases from La(III) to Lu(III), this being associated with the decreased shielding from the increasing nuclear charge of the f-electrons in the outer valency shell. The lanthanide contraction results in an increase in the ionic potential of lanthanide elements as the atomic number increases. Such an increase obviously influences the ability of a heavy lanthanide element to complex with a neutral chelating agent such as TODGA which has three hard-atom O atoms in its molecular structure. Hence, the adsorption of RE(III) ions towards TODGA/SiO 2 -P increases as the atomic number of the RE(III) element increases.
On the other hand, it was found that as the H + ion concentration increased in the 0.1-3.0 M H + /3.015 M NO − 3 /0.05 M DTPA solution the distribution coefficient (K d ) of the La(III), Ce(III) or Nd(III) ions towards TODGA/SiO 2 -P remained virtually constant in the log-log plot, which displayed a slope which was close to zero. This reflected the fact that, in the adsorption of RE(III) ions onto TODGA/SiO 2 -P, the H + ions in the aqueous phase were not involved in the formation of the ternary coordination compound of light RE(III) ions with TODGA/SiO 2 -P and DTPA. Figure 6 shows the effect of the concentration of H + ions on the adsorption of Gd(III) and Lu(III) ions, as representatives of the heavy rare earths, onto TODGA/SiO 2 -P. Evidently, the adsorption behaviour of Gd(III) and Lu(III) ions was very similar to these of La(III), Ce(III) and Nd(III) ions, i.e. the change in the distribution coefficient (K d ) for each RE(III) element was negligible as the H + ion concentration was varied from 0.1 M to 3.0 M. The slope of the resulting linear log-log plot was close to zero. However, in comparison with the results shown in Figures  5 and 6 , the distribution coefficients (K d ) of the Gd(III) and Lu(III) ions towards TODGA/SiO 2 -P were greater than 10 4 cm 3 /g, viz. greater than the corresponding values for La(III), Ce(III) and Nd(III) ions. Indeed, the adsorption sequence of the all the RE(III) ions tested under the experimental conditions employed followed the order Lu(III) > Gd(III) > Nd(III) > Ce(III) > La(III), with TODGA/SiO 2 -P exhibiting stronger adsorption properties and complexing abilities towards heavy RE(III) elements relative to light ones, i.e. hRE(III) > lRE(III).
It should be noted that Y(III), a special rare earth element, showed much higher adsorption towards TODGA/SiO 2 -P than Lu(III). In this case, the reason might be the gradual decrease in the ionic radius and a corresponding increase in the ionic potential. Hence, Y(III) and the heavy RE(III) ions were readily adsorbed by TODGA/SiO 2 -P relative to the light ones, giving the adsorption order Y(III) > hRE(III) > lRE(III).
Influence of NO − 3 concentration on the adsorption of TODGA/SiO 2 -P
The concentration of the NO 3 ion in the system usually has an obvious impact on complex formation involving RE(III) ions with TODGA and DTPA. To study this effect, we have investigated the influence of the NO 3 concentration over the range 0.07-3.07 M on the adsorption of RE(III) ions such as La(III), Nd(III), Gd(III) and Y(III) onto TODGA/SiO 2 -P employing a metal ion concentration of ca. 5 × 10 −3 M, a phase ratio of 0.25 g/5 cm 3 , H + ion concentrations of 0.1 M or 0.01 M, and a contact time of 180 min, respectively. The DTPA concentration in the aqueous phase was also 0.05 M. The relevant results are depicted in Figures 7 and 8 , respectively. Figure 7 shows the effect of increasing the NO 3 ion concentration from 0.07 M to 3.07 M on the adsorption of La(III), Nd(III), Gd(III) and Y(III) onto TODGA/SiO 2 -P from 0.01 M H + solution containing 0.05 M DTPA. An increase in the concentration of NO 3 ions led to a linear increase in the adsorption of La(III), Nd(III), Gd(III) and Y(III) onto TODGA/SiO 2 -P, thereby demonstrating that NO 3 ions in the aqueous phase take part in the formation of the ternary complex of RE(III) with TODGA/SiO 2 -P and DTPA. The slopes of the resulting straight lines obtained from the plot of log K d versus log[NO − 3 ] were in the range of 1.79 to 2.17, i.e. close to 2, with an average correlation coefficient greater than 0.98. The resultant linear relationships between the distribution coefficient (K d ) of the tested RE(III) elements and the NO 3 ion concentration may be described as follows:
Such excellent linearity for the plots indicates that, in the adsorption process, one RE(III) ion reacted with two NO − 3 ions to form RE(NO 3 ) + 2 , a species capable of being absorbed and complexed with 0.05 M DTPA in weakly acidic medium.
To further understand the effect of the NO 3 ion concentration, the adsorption properties of La(III), Ce(III), Nd(III), Gd(III), Lu(III) and Y(III) towards TODGA/SiO 2 -P were investigated in a 0.1 M H + /0.05 M DTPA solution, with the concentration of the NO − 3 ion being varied over the range 0.115-3.015 M. The relevant results are depicted in Figure 8 .
As can be seen, the distribution coefficient (K d ) of the tested elements onto TODGA/SiO 2 -P increased lineally with increasing NO 3 concentration. The slope in the resultant plot of log K d versus log[NO − 3 ] was close to 2 with an average correlation coefficient of 0.99, i.e. similar to the results depicted in Figure 7 . This implies that in the formation of the ternary complex of RE(III) with TODGA/SiO 2 -P and DTPA, one RE(III) ion reacts with two NO 3 ions to form the species RE(NO 3 ) + 2 which is quite different from the conventional RE(NO 3 ) 3 compound. The formation of the RE(NO 3 ) + 2 species in 0.1 M or 0.01 M H + solution indicates that the adsorption behaviour of TODGA/SiO 2 -P towards RE(III) is complicated in the presence of 0.05 M DTPA because of the simultaneous complexing of RE(III) with NO − 3 , DTPA and TODGA. According to the charge balance principle, it is possible that a new species RE(NO 3 ) 2 (H 4 DTPA) may be generated through interaction with a complex formed between RE(NO 3 ) + 2 and H 4 DTPA -, the latter being derived from DTPA. Hence, the effective adsorption of RE(III) involves the formation of both RE(NO 3 ) + 2 and RE(NO 3 ) 2 (H 4 DTPA), with the latter being the species which is capable of adsorption by TODGA/SiO 2 -P. Increasing the NO 3 ion concentration in the system would be of great benefit to the formation of both RE(NO 3 ) 2 + and RE(NO 3 ) 2 (H 4 DTPA), thereby enhancing the adsorption extent of RE(III) ions towards TODGA/SiO 2 -P. However, no studies of the composition and structure of the complex of RE(NO 3 ) + 2 with DTPA and TODGA/SiO 2 -P have been reported to date. Investigations in this regard are being conducted by the authors at present.
Adsorption mechanism of RE(III) towards TODGA/SiO 2 -P
It is well known that DTPA, a multi-dentate acidic chelating agent containing five carboxyl and three amine groups capable of protonation, acts as a pentabasic acid. The relevant acidic dissociation constants at 293 K have been reported as pK 1 = 1.80, pK 2 = 2.55, pK 3 = 4.33, pK 4 = 8.60 and pK 5 = 10.58, respectively (Baybarz 1965; Moeller and Thompson 1962) . Thus, DTPA is capable of generating six different species in HNO 3 solutions of different concentration. The distribution of these species with pH is depicted in Figure 9 .
Many experimental results have demonstrated that, in a weak and/or medium acidic solution, DTPA can form a series of stable 1:1 type coordination compounds with trivalent actinides and lanthanides according to the reaction (Baybarz 1965; Moeller and Thompson 1962): 
